cytes is a key example of the latter; the precise mechanism is still incompletely understood. Clinically, insulin resistance is defined as the reduced ability of insulin to lower plasma glucose, which reflects, in great part, impaired insulin stimulation of glucose transport and GLUT-4 translocation. It is a positive predictor and hallmark of the development of type 2 diabetes. Indeed, several defects in insulin signaling associated with insulin resistance and type 2 diabetes have been reported and are reviewed in Ref. 33 .
Insulin binding to IR stimulates the autophosphorylation of specific tyrosine residues on the IR ␤-subunit, which increases its intrinsic tyrosine kinase activity. Substrates of the activated IR tyrosine kinase include the IR substrates (IRS) 1-4 (47) . They are phosphorylated on specific tyrosine residues and act as docking motifs for Src homology 2-containing proteins, which include the p85 regulatory subunit of phosphatidylinositol (PI) 3-kinase (33) . Binding of p85 to IRS activates the p110 catalytic subunit of PI 3-kinase, which in turn generates 3-phosphoinositides.
At least two downstream targets are activated by 3-phosphoinositides: protein kinase (PK) C-/ (5) and Akt/PKB (46) . They are phosphorylated by phosphoinositide-dependent kinase 1 (PDK-1) and play a role in insulin-stimulated glucose transport and GLUT-4 translocation. It is still unclear whether either or both are important in regulating GLUT-4 translocation and glucose transport, but evidence suggests that PKC-/ and Akt function parallel to but not downstream of one another (24) .
Three isoforms encoded by different genes have been cloned and designated as Akt-1/PKB-␣ (12), Akt-2/ PKB-␤ (9), or Akt-3/PKB-␥ (23). 3T3-L1 adipocytes express only Akt-1 and Akt-2 (2). PI-3 kinase-dependent phosphorylation of Akt-1 and Akt-2 on Thr 308 and Ser 473 and on Thr 309 and Ser 474 , respectively, is necessary for insulin-regulated activation of Akt. PDK-1 phosphorylates Akt-1 and Akt-2 on Thr 308 and Thr 309 , respectively (1, 38) . The phosphorylation of Ser 473 (4) of Akt is regulated by an as-yet-unidentified PDK-2, which may be Akt itself but is required for full activa-tion (43) . Akt in the basal state, for the most part, resides in the cytosol. It is recruited to the inner leaflet of the plasma membrane after insulin stimulation (4) , where 3-phosphoinositides bind with high affinity to its pleckstrin homology (PH) domain, inducing a conformational change that renders Thr 308 in the activation loop accessible to the action of PDK-1. This phosphorylation, in turn, facilitates the phosphorylation of Ser 473 . Prolonged hyperglycemia causes insulin resistance in humans and in various animal models of diabetes (35, 48) , which led to the concept of "glucose toxicity." Glucose-induced insulin resistance of glucose transport has been demonstrated in tissue culture systems (17, 27, 29, 41) , and we have extensively characterized the model in 3T3-L1 adipocytes (30) . Preexposure (18 h ) to high (25 mM) glucose or to glucosamine (1-2.5 mM) decreased the subsequent response of glucose transport to maximal acute insulin stimulation compared with cells preincubated in low (5 mM) glucose. High glucose or glucosamine induced insulin resistance only if a relatively low dose (0.6 nM) of insulin was included during preincubation. Preexposure to low-dose insulin in the presence of low glucose did not affect the acute insulin stimulation of glucose transport. The expression of glucose transporters (GLUT-4 and GLUT-1) was not affected by the preincubation conditions, and robust acute insulin stimulation of IRS-1-associated PI 3-kinase was maintained under all conditions. However, although both high glucose and glucosamine decreased insulin-stimulated glucose transport to a similar degree, their effects on acute insulin-stimulated GLUT-4 translocation were different, as assessed by the plasma membrane lawn assay. Preincubation with glucosamine in the presence of 5 mM glucose and 0.6 nM insulin inhibited the translocation of GLUT-4 to the plasmalemma upon acute insulin stimulation. Preincubation in high glucose ϩ 0.6 nM insulin did not inhibit GLUT-4 translocation, although both conditions inhibited acute insulin stimulation of glucose transport to a similar degree (ϳ40%). We concluded that glucose-induced insulin resistance may involve impaired glucose transporter activation or impaired docking/fusion of GLUT-4-containing vesicles with the plasma membrane (30) . In the present study, we assessed whether preincubation with low-dose insulin and/or high glucose affected the acute insulin-regulated serine/threonine phosphorylation of Akt and its translocation to the plasma membrane and whether preincubation with high glucose or glucosamine exerts different effects on the acute insulin regulation of Akt.
EXPERIMENTAL PROCEDURES

Materials.
A polyclonal antibody specific for Akt-1/2 and a monoclonal antibody that recognizes the p85 subunit of PI 3-kinase were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and Upstate Biotechnology (Lake Placid, NY), respectively. In addition, two phospho-specific polyclonal antibodies purchased from Cell Signaling (Beverly, MA) were used to detect the phosphorylation status of Akt on Ser 473 and Thr 308 . Horseradish peroxidase-conjugated goat anti-rabbit IgG was purchased from Jackson Immunoresearch Laboratories (West Grove, PA), and enhanced chemiluminescence (ECL) reagents were purchased from Pierce (Rockford, IL). Crystalline recombinant human insulin was a gift from Eli Lilly Research Laboratories (Indianapolis, IN). Other reagents were purchased from suppliers, as described in previous publications (30) , and were of the highest quality available.
Cell culture and general methods. 3T3-L1 fibroblasts were grown and differentiated into adipocytes in 35-mm culture dishes, as previously described (16, 30) , and prepared for experiments as described (30) . Briefly, after differentiation, adipocytes were placed into DMEM containing 25 mM glucose and 10% fetal bovine serum until they were used in experiments 10-14 days after initiation of the differentiation protocol, when 90-95% of the cells exhibited the adipocyte morphology.
In typical experiments, cells were preincubated for 18 h in DMEM containing 1% FBS and sugars, as indicated in Figs. 1-7, i.e., 5 or 25 mM glucose or 5 mM glucose ϩ 2.5 mM glucosamine, each with or without 0.6 nM insulin. They were then transferred to identical media without FBS or insulin for 2 h and then acutely stimulated with or without 100 nM insulin for 15 min (30) . After being washed twice with HES buffer [20 mM HEPES (pH 7.4), 1 mM EDTA, 255 mM sucrose, 1 mM sodium vanadate, 1 mM sodium fluoride, 1 mM sodium pyrophosphate, 1 M microcystin, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml pepstatin A, 10 g/ml leupeptin, and 10 g/ml aprotinin] without protease inhibitors, cells were lysed as we will describe in Subcellular fractionation.
Subcellular fractionation. Subcellular fractions were generated by differential centrifugation, as previously described (42) . Cells prepared as described above were harvested in HES buffer. Cell lysates were prepared by shearing cells 10 times through a 22-gauge needle. An aliquot was saved for analyses of total cell lysates. The remainder was then centrifuged at 19,000 g for 20 min at 4°C. The resulting supernatant was centrifuged at 41,000 g for 20 min to yield a low-speed pellet containing high-density microsomes. That supernatant was centrifuged for 75 min at 180,000 g to generate a high-speed pellet containing low-density microsomes (LDM) and the cytosol in the supernatant. Crude Fig. 1 . Insulin receptor substrate (IRS)-1, phosphatidylinositol (PI) 3-kinase, and Akt total cell expression. Cells were preincubated with (ϩ) or without (Ϫ) 0.6 nM insulin (Ins) with either 5 mM or 25 mM glucose (Glc). Cells were stimulated with (ϩ) or without (Ϫ) acute insulin (100 nM) for 15 min. Total cell lysates were prepared as described in EXPERIMENTAL PROCEDURES, and 30 g of protein were separated by SDS-PAGE and immunoblotted with antibodies specific to IRS-1, the p85 subunit of PI-3 kinase, or Akt. These immunoblots represent 3-5 individual experiments. Quantitative analyses showed no significant differences among treatment groups (data not shown). plasma membranes (PM) were prepared by resuspending the pellet from the 19,000-g centrifugation and layering it onto a 1.12 M sucrose cushion, which was centrifuged at 100,000 g for 60 min. The PM layer was collected and centrifuged at 40,000 g for 20 min. Pellets of the PM and LDM were resuspended in HES buffer containing 1% Triton X-100 and solubilized for Ն1 h at 4°C. They were subsequently centrifuged for 75 min at 200,000 g. The Triton-soluble fractions (TS-PM, TS-LDM) were collected, and the Triton-insoluble pellets (TI-PM, TI-LDM) were resuspended in PBS containing 1% SDS and heated for 10 min at 95°C. Total cell extracts and cell fractions were analyzed by SDS-PAGE and immunoblotted with a polyclonal antibody specific for Akt-1/2. Insulin-stimulated phosphorylation of Akt was detected by immunoblot with two phospho-specific polyclonal antibodies recognizing Akt-1 phosphorylated on Ser 473 and Thr 308 and Akt-2 and -3 phosphorylated on the corresponding sites. The blots were developed using the ECL procedure, and the bands were then quantified using a Molecular Dynamics Personal Laser Densitometer (Amersham Pharmacia Biotech, Piscataway, NJ) equipped with ImageQuant version 3.3 software.
Other analyses. Protein concentrations in cell extracts were measured spectrophotometrically against BSA standards using Coomassie protein assay reagent purchased from Pierce (Rockford, IL).
Statistical analysis. Means Ϯ SE are shown. Where error bars are not indicated in the figures, they are too small for graphical representation, i.e., they fall within the symbol of the mean. The significance of differences between means was evaluated by one-way or two-way ANOVA and Tukey's test for unbalanced design with the Statistica software or by two-tailed unpaired Student's t-test with Statview software. P Ͻ 0.05 was considered significant. Fig. 3 . P-Akt associated with cytosol, TS-low-density microsomes (LDM), and Triton-insoluble (TI)-LDM after acute insulin stimulation. Effects of preincubation with high glucose and low-dose insulin. Cells were preincubated and processed as described in Fig. 2 . After 15 min of acute stimulation with or without 100 nM insulin, subcellular fractions were prepared, and 15 g protein from TS-LDM or TI-LDM or 7.5 g protein from the cytosolic fraction were separated on SDS-PAGE and immunoblotted with a specific antibody to serinephosphorylated Akt (A). Graphs in B, C, and D represent densitometric analyses of P-Akt concentrations on immunoblots from cytosol (B), TS-LDM (C), and TI-LDM (D). Data are means Ϯ SE from 6 independent experiments. In each experiment, data are normalized to P-Akt concentrations in the same fraction on the same gel in cells preincubated with 5 mM Glc ϩ 0.6 nM insulin and are acutely stimulated with 100 nM insulin. *Different from preincubation in 5 mM Glc Ϫ 0.6 nM insulin, P Ͻ 0.02; **different from preincubation in 5 mM Glc ϩ 0.6 nM insulin, P Ͻ 0.02. . Subcellular fractions were prepared as described in EXPERI-MENTAL PROCEDURES, and 15 g of protein from the Triton-soluble plasma membrane (TS-PM) were separated by SDS-PAGE and immunoblotted with an antibody specific to P-Akt (phosphorylated on Ser 473 in Akt-1 and Ser 474 in Akt-2) or with an antibody to total Akt (A). Graphs in B represent densitometric analysis of P-Akt levels from immunoblots of TS-PM. Data are quantitated as means Ϯ SE from 6 independent experiments. In each experiment, data were normalized to the P-Akt levels measured in cells preincubated with 5 mM Glc ϩ 0.6 nM insulin and acutely stimulated with 100 nM insulin. *P Ͻ 0.05 vs. 5 mM Glc Ϯ 0.6 nM insulin; **P Ͻ 0.02 vs. 5 mM Glc Ϫ 0.6 nM insulin; †P Ͻ 0.02 vs. 25 mM Glc Ϫ 0.6 nM insulin.
RESULTS
High glucose effects on Akt phosphorylation and localization.
Because previous studies have implicated altered Akt activation in models of insulin resistance in muscle (26, 37), we tested whether our model of glucose-induced insulin resistance was associated with impaired activation of Akt. After preincubation in media containing either 5 mM or 25 mM glucose in either Cells were stimulated with acute insulin (100 nM) for 15 min (P-Akt was undetectable in the basal state). Protein (30 g) from total cell lysate was separated by SDS-PAGE and immunoblotted with either an antibody specific for P-Akt (serine-phosphorylated), P-Akt (threonine-phosphorylated), or total Akt-1/-2. A: representative immunoblots. Data are quantitated as means Ϯ SE from 3 independent experiments for both B and C. In each experiment, data were normalized to the phosphoAkt levels measured in cells preincubated with 5 mM Glc ϩ 0.6 nM insulin and acutely stimulated with 100 nM insulin (*P Ͻ 0.05 vs. 5 mM Glc ϩ 0.6 nM insulin; **P Ͻ 0.05 vs. 5 mM Glc Ϫ 0.6 nM insulin; †P Ͻ 0.05 vs. 5 mM Glc ϩ 0.6 nM insulin). Fig. 5 . Acute insulin-induced translocation of total Akt to the TS-PM. Effects of preincubation with insulin and high glucose. Cells were preincubated with (ϩ) or without (Ϫ) 0.6 nM insulin with either 5 mM or 25 mM Glc. Cells were acutely stimulated with (black bars) or without (white bars) acute insulin (100 nM) for 15 min. Subcellular fractions or total cell lysates were prepared as described in EXPERIMENTAL PROCEDURES, and 15 or 30 g of protein from TS-PM or total cell lysate, respectively, were separated by SDS-PAGE and immunoblotted with rabbit ␣-Akt. A: representative immunoblots of Akt from TS-PM and total cell lysate. Graphs represent densitometric analysis of Akt concentrations on immunoblots of TS-PM (B) or total cell lysate (C). Data are quantitated as means Ϯ SE from 5 (B) or 4 (C) independent experiments. In each experiment, data were normalized to the Akt concentrations measured in the same fraction on the same gel in cells preincubated with 5 mM Glc ϩ 0.6 nM insulin and then acutely stimulated with 100 nM insulin (*P Ͻ 0.001 vs. basal, ‡P Ͻ 0.05 vs. acute insulin stimulation after preincubation with 5 mM Glc Ϫ 0.6 nM insulin; †P Ͻ 0.05 vs. 25 mM Glc Ϫ 0.6 nM insulin or 5 mM Glc ϩ 0.6 nM insulin, each after acute insulin stimulation).
the absence or presence of 0.6 nM insulin, cells were deprived of insulin and serum for 2 h and then stimulated with or without a maximal dose of insulin (100 nM) for 15 min. Then, subcellular fractions of the adipocytes were prepared as described in EXPERIMENTAL PROCEDURES. Total expression of IRS-1, p85 subunit of PI 3-kinase, or Akt was not affected by any of the preincubation conditions (Fig. 1) . Next, we immunoblotted for phosphorylated-Akt (P-Akt) with a phosphospecific antibody that recognizes Akt after it is phosphorylated on Ser 473 (Akt-1) or Ser 474 (Akt-2). As shown in Fig. 2A , P-Akt was detectable in the TS-PM only after acute insulin stimulation. This acute insulin-responsive phosphorylation of Akt decreased 70% (Fig. 2B , P Ͻ 0.02) after preincubation with 0.6 nM insulin in the presence of 5 mM glucose, a condition that did not induce insulin-resistant glucose transport. Compared with control (5 mM glucose without 0.6 nM insulin), P-Akt levels in the TS-PM decreased 30% (Fig. 2B , P Ͻ 0.05) and 85% ( Fig. 2B , P Ͻ 0.02) in cells exposed to 25 mM glucose in the absence or presence of 0.6 nM insulin, respectively. Only the latter was associated with insulin-resistant glucose transport (30) . Thus both chronic insulin exposure (P Ͻ 0.001) and high glucose concentration (P Ͻ 0.05) independently reduced the accumulation of acute insulin-induced P-Akt at the PM without affecting insulin-stimulated glucose transport. However, the effects of preincubation with 25 mM glucose and 0.6 nM insulin were additive, and only when present together did insulinresistant glucose transport ensue.
In all fractions analyzed (Figs. 2 and 3 ), P-Akt was detected after acute insulin stimulation but not in the basal state. As reported by others, P-Akt was most abundant in the cytosol (Fig. 3) and was associated in significant amounts with TS-PM (Fig. 2) and the TSand TI-LDM fractions (Fig. 3) . P-Akt was not detected in the TI-PM fraction (not shown). Chronic exposure to low-dose insulin (0.6 nM) significantly decreased P-Akt abundance after acute insulin stimulation in the cytosol and in the TS-and TI-LDM, after preincubation in low or high glucose (P Ͻ 0.02, Fig. 3 ), similar to the effects seen in the TS-PM (Fig. 2) . In the TS-and TI-LDM, the downregulation of acute insulin-mediated Fig. 7 . Glucosamine effects on Akt PM translocation. Cells were preincubated for 18 h with (ϩ) or without (Ϫ) 0.6 nM insulin with either 5 mM Glc or 5 mM Glc ϩ 2.5 mM GlcN. Cells were then stimulated with (black bars) or without (white bars) acute insulin (100 nM) for 15 min. Subcellular fractions or total cell lysates were prepared as described in EXPERIMENTAL PROCEDURES, and 15 g of protein were separated by SDS-PAGE and immunoblotted with rabbit ␣-Akt. Graphs represent densitometric analysis of Akt levels from immunoblots of TS-PM. Data are quantitated as means Ϯ SE from 4 independent experiments. In each experiment, data were normalized to the Akt concentration in the same fraction measured in cells preincubated with 5 mM Glc ϩ 0.6 nM insulin and acutely stimulated with 100 nM insulin (*P Ͻ 0.05 vs. basal; †P Ͻ 0.05 vs. preincubation in 5 mM glucose without 0.6 nM insulin and then acutely stimulated with 100 nM insulin, by paired Student's t-test). Fig. 6 . Glucosamine (GlcN) effects on insulin-induced Akt phosphorylation in TS-PM. Cells were preincubated with (ϩ) or without (Ϫ) 0.6 nM insulin with either 5 mM Glc or 5 mM Glc ϩ 2.5 mM GlcN. Cells were stimulated with or without acute insulin (100 nM) for 15 min (P-Akt was undetectable in the basal state). Subcellular fractions were prepared as described in EXPERIMENTAL PROCEDURES, and 15 g of protein from the TS-PM were separated by SDS-PAGE and immunoblotted with an antibody specific to serine-phosphorylated Akt or with an antibody to total Akt. Graphs represent densitometric analysis of P-Akt levels from immunoblots of TS-PM after acute insulin (100 nM) stimulation. Data are quantitated as means Ϯ SE from 4 independent experiments for B. In each experiment, data were normalized to the P-Akt concentrations measured in cells preincubated with 5 mM Glc ϩ 0.6 nM insulin and acutely stimulated with 100 nM insulin. (*P Ͻ 0.05 vs. 5 mM Glc ϩ 0.6 nM insulin; **P Ͻ 0.02 vs. 5 mM Glc Ϫ 0.6 nM insulin, ‡P Ͻ 0.05 vs. GlcN Ϫ 0.6 nM insulin).
Akt activation after chronic exposure to low-dose insulin was significantly enhanced in the presence of high glucose compared with low glucose (P Ͻ 0.02), but this effect did not reach statistical significance in the cytosol. Preincubation in high glucose in the absence of insulin decreased P-Akt abundance significantly only in the PM (compared with low glucose, P Ͻ 0.05, Fig.  2 ), but not in the cytosol or the TI-or TS-LDM fractions (Fig. 3) .
Akt is first phosphorylated on Thr 308 (Akt-1) or Thr 309 (Akt-2) in response to insulin. In an effort to further characterize the phosphorylation defect associated with glucose-induced insulin resistance, total cell lysates, prepared as described in EXPERIMENTAL PROCE-DURES, were separated by SDS-PAGE and immunoblotted with either a phospho-Ser-Akt or phospho-Thr-Akt antibody. As shown in Figs. 1 and 4A , total Akt expression was not altered by any preincubation condition. Similar to results shown in Fig. 2 , neither Ser-nor Thr-phosphorylated Akt was detected in total cell lysates in the basal state. Acute insulin stimulation markedly increased the phosphorylation of Akt on both residues after preincubation with 5 mM glucose Ϫ 0.6 nM insulin (Fig. 4) . Chronic 0.6 nM insulin preexposure decreased Ser phosphorylation by ϳ50% and Thr phosphorylation by ϳ75% after preincubation with 5 mM glucose (Fig. 4 , B and C, P Ͻ 0.05). High glucose in the absence of 0.6 nM insulin decreased phosphorylation of Akt on Ser and Thr by ϳ20 and 37%, respectively (P Ͻ 0.05). Maximal inhibition of both Ser and Thr phosphorylation was observed after preincubation in high glucose ϩ 0.6 nM insulin. Two-way ANOVA revealed a significant interaction between the effects of high glucose and the presence of 0.6 nM insulin during preincubation (P Ͻ 0.05). Thus acute insulin-induced phosphorylation of Akt on Ser and Thr in total cell lysate occurred in parallel, and chronic insulin or high glucose preexposure impaired phosphorylation of both sites similarly.
Acute insulin stimulation leads to activation and recruitment of Akt to the PM. The latter step has been implicated in insulin regulation of glucose transport and GLUT-4 translocation (13, 46) . We assessed whether the observed impairment of Akt phosphorylation in the TS-PM resulted from decreased translocation of Akt to the PM in response to acute insulin. As shown in Figs. 2A and 5A , Akt is associated with the PM in the basal state, although P-Akt was only detectable in the PM after acute insulin stimulation (Fig. 2) . Akt levels increased ϳ1.8-to 2-fold above basal in the TS-PM after acute insulin stimulation (Fig. 5B , P Ͻ 0.001). This acute insulin response was decreased 30% in cells preincubated with 5 mM glucose in the presence of 0.6 nM insulin compared with cells preincubated with 5 mM glucose without insulin (P Ͻ 0.05) and was independent of changes in total Akt expression (Fig. 5C ). Whereas 25 mM glucose in the absence of insulin decreased insulin-stimulated P-Akt levels in the TS-PM (Fig. 2) , this treatment was without effect on insulin-stimulated translocation of Akt to the TS-PM. A significant interaction existed between the presence of 0.6 nM insulin during preincubation and the acute insulin response of Akt translocation to the PM (P Ͻ 0.01), and also between glucose concentration and the presence of 0.6 nM insulin (P Ͻ 0.05) when assessed by three-way ANOVA. However, insulin resistance of glucose transport manifested only after preincubation in 25 mM glucose ϩ 0.6 nM insulin, suggesting that the interaction between high glucose and chronic insulin stimulation is the predominant factor in the induction of insulin resistance.
Although it is clear that acute insulin stimulation increased Akt concentration in the PM without affecting its concentration in the whole cell, we were unable to determine a cell fraction from which Akt had translocated. There were no significant changes in Akt concentration after acute insulin stimulation in the TS-LDM or cytosol. The TI-LDM showed a trend toward decreased Akt after acute insulin stimulation that did not reach statistical significance (data not shown).
Glucosamine effects on Akt phosphorylation and localization. Because we previously observed different effects of high glucose or glucosamine preincubation on insulin-stimulated GLUT-4 translocation (30), we tested in a separate series of experiments (Fig. 6 ) whether preincubation with glucosamine affected Akt phosphorylation and whether the response was different from the effects of preexposure to high glucose. As in previous experiments, Akt phosphorylation was observed only after acute insulin stimulation, and this response was significantly decreased (P Ͻ 0.02) by including 0.6 nM insulin with 5 mM glucose during preincubation. In contrast to the effects of high glucose (Fig. 2) , the addition of glucosamine during preincubation in the presence or absence of insulin had no effect on subsequent acute insulin-stimulated Akt phosphorylation. The presence of 0.6 nM insulin with glucosamine only decreased Akt phosphorylation by 55% (P Ͻ 0.05). This stands in contrast to the effects of high glucose ϩ insulin that downregulated Akt phosphorylation by 85%. In contrast to high glucose preincubation, there was no evidence of a synergistic effect between chronic exposure to low-dose insulin and glucosamine.
Acute insulin stimulation increased Akt levels in the TS-PM ϳ1.8-to 2-fold ( Fig. 7B , P Ͻ 0.05, similar to results in Fig. 5 ). This response was decreased ϳ25% after preincubation with 0.6 nM insulin and 5 mM glucose. Preincubation with glucosamine had no effect on insulin-stimulated Akt recruitment to TS-PM, regardless of the presence or absence of 0.6 nM insulin (Fig. 7) . In contrast, 25 mM glucose and 0.6 nM insulin acted synergistically to downregulate acute insulinresponsive Akt translocation to the PM (Fig. 5 , P Ͻ 0.05). No significant interactions were detected between preincubation with glucosamine and low-dose insulin on the acute insulin response of Akt translocation to the PM, which again is in contrast to the effects of high glucose (Fig. 5) . Thus the ability of high glucose and glucosamine to induce insulin resistance likely represents different effects, at least at the level of acute insulin-mediated Akt activation.
DISCUSSION
In the model of glucose-induced insulin resistance used here, preincubation in high glucose impairs the subsequent acute insulin stimulation of glucose transport provided that low-dose insulin is also present during preincubation. Because the acute insulin stimulation of IRS-1-associated PI 3-kinase was unaffected, we searched for a defect in insulin's signaling cascade distal to PI 3-kinase. Our data clearly demonstrate that chronic exposure to high glucose (without insulin) or to insulin in low glucose impairs the subsequent acute activation of Akt by insulin by ϳ30 and ϳ70%, respectively. The two effects appear to be additive. Exposure to low-dose insulin in high glucose reduced PM-associated P-Akt to one-half of that observed after preincubation with insulin in low glucose. Under these conditions, acute insulin stimulation yielded only 15% of the P-Akt accumulation in the PM observed in controls preincubated in low glucose without insulin. Note that only the combined treatment resulted in insulinresistant glucose transport in this model. Thus, if we assume that impaired Akt activation is causally related to the development of insulin resistance, these data suggest that, in 3T3-L1 adipocytes, a dose of insulin that maximally stimulates glucose transport results in Akt activation that is far in excess of that needed for maximal acute glucose transport stimulation. Thus a 70% reduction of P-Akt at the PM does not impair maximal insulin stimulation of glucose transport, but when P-Akt falls below a critical level (ϳ20% of maximal), insulin-resistant glucose transport develops. The major role of fat cells is to store energy as lipids, when nutrients, e.g., glucose and insulin, are plentiful. The development of insulin-resistant glucose transport may serve as a "last resort" strategy in normal adipocytes, possibly to prevent excessive oxidative damage from chronically increased glucose flux. However, less drastic decreases in P-Akt may affect other insulin-regulated pathways.
In rat extensor digitorum longus muscles incubated for several hours under different conditions (26) , high glucose caused insulin resistance of glucose transport only if insulin was present during preincubation. However, preincubation with high glucose without insulin did impair the acute insulin stimulation of glucose flux into glycogen and lipids. PI 3-kinase activation by insulin was unaffected under these conditions, but Akt activation was impaired. Two other recent papers support the notion that ambient glucose may regulate Akt activation by insulin at steps(s) distal to PI 3-kinase. One involves muscles of a rodent model of type 2 diabetes, the Goto-Kakizaki rat (37) , and the other deals with primary adipocytes from patients with type 2 diabetes (7). In the latter model, adipocytes from diabetic patients demonstrated both impaired activation of Akt and diminished Akt translocation to the plasmalemma in response to insulin, similar to our findings in 3T3-L1 adipocytes after preincubation in high glucose in the presence of insulin. Because in our model a 70% decrease of P-Akt at the PM did not diminish insulin-stimulated glucose transport, the question arises whether Akt activation is required for insulin-stimulated glucose transport. Akt-2 is most highly expressed in insulin-responsive cells and has been specifically implicated in insulin's stimulation of glucose transport (25) . Recent work in Akt-2 knockout mice provides strong evidence for Akt-2's participation in insulin-regulated glucose homeostasis (11). Our observations suggesting that a fraction of insulin-activated Akt is sufficient for maximal glucose transport stimulation may explain previous conflicting results concerning Akt's role in insulin signaling by use of dominant-negative mutant technologies (13, 22) . In Akt-2 knockout mice, insulin resistance of glucose transport was demonstrable in white (glycolytic) but not red (oxidative) muscles, and the impairment was mild in adipocytes (11) . Insulin likely stimulates glucose transport via several parallel pathways, which may act synergistically and may compensate for one another until a critical threshold is reached. In our model, insulin resistance develops when activated Akt falls below ϳ20% of maximal stimulation.
Glucosamine has been extensively used as a model to elucidate the role of the hexosamine biosynthesis pathway in glucose-induced insulin resistance (6, 8, 18, 19, 21, 29, 30, 32, 34, 36, 44, 45) . Previous studies suggested that high glucose and glucosamine may induce insulin resistance of glucose transport by different mechanisms (8, 19, 30, 45) . In addition, preexposure to glucosamine caused several metabolic alterations in 3T3-L1 adipocytes that did not mimic the effects of high glucose (19, 30) . The data presented here support these conclusions. Whereas preexposure to high glucose significantly inhibited Akt activation in the absence or presence of low-dose insulin during preincubation, glucosamine did not. In vivo, glucosamine coinfusion during a euglycemic insulin clamp causes insulin resistance as assessed by decreased peripheral glucose utilization (6, 21, 32, 36) and impaired translocation of GLUT-4 to the PM in skeletal muscle (6) . However, insulin-mediated Akt activation in skeletal muscle was unimpaired, even under conditions in which diminished IRS-1-associated PI 3-kinase activation was detectable (21, 32) . Akt activation was impaired after exposure to glucosamine ϩ insulin in the absence of glucose in one study in 3T3-L1 adipocytes (19) . The effect was attributed to ATP depletion and was accompanied by impaired activation of IR, IRS-1, and PI 3-kinase, as well as insulin resistance of glucose transport and GLUT-4 translocation. In our model, 3T3-L1 adipocytes were exposed to glucosamine in the presence of 5 mM glucose. Although a decrease in the ATP concentration was detectable, it was much more modest than in the work of Hresko et al. (19) , and insulin-mediated IRS-1-associated PI 3-kinase activity was unimpaired (30) . Glucosamine may cause insulin resistance of GLUT-4 translocation distal to the action of Akt. A possible mechanism may involve a decreased GTP-to-GDP ratio (30) , which may impair the activa-tion of small G proteins involved in the translocation of GLUT-4-containing vesicles (10, 14, 20) .
In our experiments, preexposure to high glucose and/or to low-dose insulin decreased the acute insulinstimulated phosphorylation of Akt on Thr and Ser in parallel. These observations are consistent with those obtained in primary adipocytes from patients with type 2 diabetes (7). Although we have no direct evidence to indicate that the decreased phosphorylation of Ser is secondary to that of Thr, previous observations support this hypothesis, because Thr phosphorylation is required for Ser phosphorylation (43) .
Acute insulin stimulation increased PM-associated Akt approximately twofold compared with basal. This response was decreased by ϳ25-30% after preincubation with low-dose insulin in the presence of low glucose. High glucose ϩ insulin further decreased Akt PM translocation (compared with low glucose ϩ insulin), whereas glucosamine was ineffective. Thus chronic insulin preexposure downregulated the insulin-induced phosphorylation of Akt and its PM translocation. This effect was enhanced by the inclusion of high glucose but not of glucosamine.
The percent decrease in Akt phosphorylation was greater than that observed in PM translocation and was independent of changes in total Akt expression, similar to a study in adipocytes from patients with type 2 diabetes (7). Akt translocation to the PM may be required for its phosphorylation by PDK-1 (4), which is in part constitutively associated with the PM (3, 15) . Therefore, the decreased phosphorylation of Akt could reflect, at least in part, its impaired translocation. Basal steady-state levels of Akt in the PM were not different among any of the preincubation conditions. Because the effects of chronic preexposure to high glucose and low-dose insulin appear to be synergistic, they may downregulate Akt activation by different mechanisms. Note that preincubation in high glucose without insulin significantly decreased acute insulinstimulated Akt phosphorylation on both Thr and Ser, without a detectable impairment of Akt translocation to the PM. Thus the primary effect of sustained exposure to high glucose may be impairment of Akt phosphorylation, whereas chronic exposure to low-dose insulin affects both processes, with the possibility that impaired Akt translocation may be the primary event.
The mechanisms by which chronic exposure to high glucose or to low-dose insulin may downregulate insulin-stimulated Akt activation at a step downstream of PI 3-kinase activation are unknown. Decreased expression or decreased activity of PDK-1 is an obvious candidate. Alternatively, the dephosphorylation of Akt may be accelerated in our model by increased expression or activation of phosphoprotein phosphatases. A particularly attractive candidate may be the tumor suppressor protein PTEN, which acts both as a phosphoprotein phosphatase and a lipid phosphatase. The latter activity entails the specific dephosphorylation of the D3 position of inositol and PI substrates (28) . Increased expression and/or activity of PTEN in cells preexposed to high glucose and low-dose insulin could explain the impaired translocation and phosphorylation of Akt. Both PTEN (28) and ceramide (39, 40) have been shown to independently and negatively regulate Akt activation.
The data presented support the concept that high glucose and glucosamine induce insulin resistance by different mechanisms in 3T3-L1 adipocytes. High glucose, but not glucosamine, impairs insulin stimulation of Akt activity. Chronic exposure to low-dose insulin impairs Akt translocation and phosphorylation and acts synergistically as a negative Akt modulator with high glucose but not with glucosamine. As previously discussed, the fact that glucosamine does not mimic the effect of high glucose does not negate the possible role of the hexosamine biosynthesis pathway in glucose-induced insulin resistance, but it suggests that glucosamine may not appropriately model the pathway (30) . Preliminary evidence suggests that preexposure to high glucose in the presence of low-dose insulin may affect the appropriate docking/fusion of GLUT-4-containing vesicles with the PM (31) . The data presented here raise the possibility that Akt may participate in the regulation of this distal step in insulin's stimulation of glucose transport.
